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Semioonductor  Measurement  Technology : 
Notes  on  SEM  Examination  of  Microelectronic  Devices* 


John  R.  Devaney 
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and 

K.  0.  Leedy  and  W.  J.  Keery 
National  Bureau  of  Standards 


AbstTact:    This  report  reviews  selected  scanning  electron 
microscope  (SEM)  techniques  which  are  appropriate  for  the  exam- 
ination of  microelectronic  devices.     Illustrated  are  the  results 
of  individual  variations  in  SEM  operating  parameters  such  as 
accelerating  voltage,  specimen  tilt,  scan  line  time,  and  frame 
time.     Techniques  which  utilize  secondary  and  backscattered 
electron  emissions  are  compared  and  electron-beam-induced  cur- 
rent and  voltage  contrast  modes  are  discussed.     Specimen  prep- 
aration and  beam- induced  charging  artifacts  are  also  discussed. 
This  report  demonstrates  the  need  for  flexibility  in  selecting 
and  using  SEM  parameters  and  analytic  procedures  to  obtain  the 
maximum  information  when  examining  semiconductor  devices. 

Key  Words:    Backscattered  emission;  EBIC;  microelectronic 
devices;  scanning  electron  microscope;  secondary  emission;  volt- 
age contrast. 


1 .  Introduction 

The  scanning  electron  microscope  (SEM)  is  an  instrument  widely 
used  in  the  electronic  components  industry.     Its  advantages  over  other 
types  of  microscopes  for  topographical  examination  are  its  greater  depth 
of  focus,  spatial  resolution,  and  the  ease  of  specimen  preparation.  In 
addition  to  secondary  and  backscattered  electron  emission  techniques, 
voltage  contrast  and  electron-beam-induced-current  modes  can  be  used  to 
gain  additional  information  on  semiconductor  devices. 

This  report  is  intended  to  describe  selected  techniques  for  obtain- 
ing optimum  scanning  electron  micrographs  of  semiconductor  device  spec- 
imens.    It  is  assumed  that  the  reader  is  familiar  with  basic  SEM  prin- 
ciples.^"^   The  various  techniques  described  here  are  manipulations  of 


*This  work  was  conducted  as  a  part  of  the  Semiconductor  Technology  Pro- 
gram of  the  National  Bureau  of  Standards  and  was  supported  by  the  De- 
fense Advanced  Research  Projects  Agency  (Order  No.  2397)  and  the  NBS. 
The  work  at  Hi-Rel  Laboratories  was  funded  under  Contract  4-35897. 
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instrument  variables.    Unless  otherwise  indicated,  the  variable  of  in- 
terest was  changed  while  all  others  were  held  constant. 

The  devices  examined  were  made  by  standard  silicon  technology. 
All  passivating  layers  were  first  removed  and  the  devices  were  then 
mounted  on  specimen  stubs.     (The  preparation  of  specimens  is  described 
in  Appendix  II.)     Secondary  electron  imaging  is  emphasized  but  the  back- 
scattered  electron  image  is  also  discussed.    The  voltage  contrast  and 
the  electron-beam-induced-current  (EBIC)  modes  are  briefly  addressed  in 
Appendix  I. 

There  are  several  factors  to  consider  when  judging  a  good  micro- 
graph:    signal-to-noise  ratio  (SNR) ,  point-to-point  resolution  (PPR) , 
and  contrast.     The  SNR  is  the  ratio  between  rms  amplitude  of  the  de- 
sired signal  and  the  rms  fluctuation  due  to  noise.     The  SNR  is  a  mea- 
sure of  the  efficiency  of  the  signal  generation.     The  PPR  is  the  quan- 
titative measure  of  the  SEM  resolving  power  which  defines  the  ability 
of  the  SEM  to  resolve  two  adjacent  points.    Resolution  is  dependent  on 
the  interaction  volume  of  the  electron  beam  in  the  specimen  which  is 
dependent  on  the  primary  electron  beam  diameter  and  the  atomic  number 
of  the  specimen  surface.     It  also  depends  on  the  nature  of  the  signal 
detection  system.     The  contrast  is  the  degree  of  difference  in  tone  be- 
tween the  lightest  and  darkest  areas  of  an  SEM  image.     There  are  a  num- 
ber of  types  of  contrast:     topographical,  chemical  (atomic  number), 
voltage,  current,  crystallographic,  and  magnetic.     These  are  generated 
by  the  primary  electron  beam  interaction  with  the  differences  in  topog- 
raphy, chemistry,  electrical  potential,  crystallography,  and  magnetic 
fields  of  the  device. 

Artifacts  introduced  by  vacuum  evaporated  thin  films,  diffusion 
pump  oil  polymerization  in  the  SEM,  and  careless  sample  preparation  are 
of  concern  in  the  interpretation  of  SEM  images .     Specimen  charging  due 
to  stray  electrostatic  activity  in  the  SEM  specimen  chamber  can  be  an- 
other source  of  misleading  information.     Contaminants  introduced  during 
manufacture  or  failure  of  semiconductor  devices  cannot  be  considered 
anomalous,  since  such  contaminants  are  often  the  subject  of  SEM  inves- 
tigation. 

The  SEM  operating  parameters  that  affect  micrograph  quality  for 
semiconductor  device  specimens  are  the  type  of  image  (secondary  or  back- 
scattered  electron),  the  accelerating  voltage  of  the  primary  beam,  the 
current  of  the  primary  beam,  the  specimen  tilt,  the  beam  scan  rate,  and 
the  frame  time.     These  are  each  considered  in  detail  in  subsequent  sec- 
tions of  this  paper.    The  effect  of  the  electron  beam  on  the  specimen 
and  anomalous  artifacts  introduced  by  the  beam  are  also  considered. 
Procedures  for  specimen  coating  are  addressed  in  Appendix  II. 
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2.     Secondary  and  Backscattered  Electron  Images 


The  detection  of  secondary  electron  emission  is  the  most  often 
used  mode  for  operation  of  an  SEM.     The  secondary  electrons  are  the  low 
energy  electrons  emitted  from  the  specimen  when  it  is  bombarded  by  a 
high  energy  electron  beam.     Secondary  electrons  are  arbitrarily  defined 
as  those  having  kinetic  energies  less  than  50  eV.     Secondary  electrons 
are  generated  throughout  the  volume  of  primary  electron  penetration, 

;    but  only  those  emitted  within  several  interatomic  distances  ('\^10  nm) 
from  the  surface  escape,  as  shown  in  figure  1.    As  illustrated  in  fig- 

I    ure  2a,  the  secondary  electrons  emitted  from  the  specimen  are  detected 
by  an  electron  detector.    The  secondary  electrons  are  deflected  along 
curved  trajectories  toward  the  positively  biased  detector  regardless 
of  the  initial  direction  of  their  emission. 

Backscattered  electrons  are  primary  beam  electrons  with  energies 
|i     greater  than  50  eV  scattered  from  the  specimen.    They  can  come  from 
depths  of  up  to  several  micrometers  beneath  the  surface.     These  back- 
scattered  electrons  have  kinetic  energies  ranging  from  50  eV  to  near 
that  of  the  incident  primary  electron  energy  and,  unlike  secondary  elec- 
■i     trons,  these  higher  energy  electrons  tend  to  travel  in  straight  lines. 
I     As  shown  in  figure  2b,  the  backscattered  electrons  are  detected  only 
when  intercepted  by  the  solid  angle  of  the  detector.    The  backscattered 
electron  mode  is  often  referred  to  as  the  reflection  mode. 

The  secondary  electron  image  appears  to  be  illuminated  from  all 
!     directions  and  has  no  definite  shadows,  while  the  backscattered  electron 
■     image  appears  as  if  there  were  oblique  illumination  of  the  specimen  from 
the  direction  of  the  detector.     This  type  of  illumination  forms  images 
with  very  distinct  shadows.     Figure  3  demonstrates  the  omnidirectional 
illumination  of  a  device  in  a  secondary  electron  image  in  (a)  and  the 
shadowy  unidirectional  illumination  of  the  same  device  in  a  backscatter- 
I     ed  electron  image  in  (b) . 

The  secondary  electron  image  (SEX)  usually  has  better  point-to- 
point  resolution  and  depth  of  focus  than  the  backscattered  electron  im- 
age (BEX).     The  detector  normally  employed  in  commercially  available 
SEM's  is  the  Everhart-Thornley  (E-T)  detector which  is  optimized  for 
I     detection  of  secondary  electrons.     Therefore,  in  the  backscattered  mode, 
(1     large  beam  currents  are  required  to  generate  sufficient  signal  electrons, 
and  the  electrons  forming  the  image  are  from  a  larger  volume  than  in  the 
secondary  electron  image.    The  advantage  of  the  BEX  is  the  information 
obtained  relating  to  the  atomic  number  of  the  material  and  surface  topog- 
raphy of  the  device.     The  topographical  information  is  characterized  by 
high  contrast  due  to  the  highly  directional  nature  of  the  backscattered 
electrons  and  the  highly  directional  E-T  detector  normally  employed. 
I     Figure  4  shows  three  attempts  to  record  a  micrograph  of  a  device  which 
'     failed  to  produce  suitable  topographical  contrast  in  the  secondary  elec- 
tron mode.    Three  different  accelerating  voltages  were  used:     (a)  3,  (b) 
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Figure  1.     Primary  electron  penetration  showing  the  volumes  of  secondary 
and  backscattered  electron  generation. 


BEAM 


Figure  2.     Emission  trajectories  of  secondary  and  backscattered  electron 
signals . 
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a.     Omnidirectional  illumination  in  a  secondary  electron 
image . 


b.     Shadowy  unidirectional  illumination  in  a  backscattered 
electron  image. 

Figure  3.     Difference  in  the  apparent  illumination  of  a  device  with 
respect  to  the  imaging  electrons. 
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a.     Secondary  electron  image  recorded  at  3  kV. 
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5,  and  (c)  10  kV.    Figure  4d  shows  a  BEI  of  the  exceptional  topographi- 
cal and  chemical  contrast  of  this  same  region.     This  particular  device 
had  very  low  secondary  emission  characteristics.     In  figure  5a  a  BEI  of 
a  probe  mark  was  used  to  reveal  information  not  seen  in  (b),  an  SEI. 

3.    Accelerating  Voltage 

The  accelerating  voltage  of  the  electron  beam  is  a  high  potential 
difference  applied  between  the  filament  (cathode)  and  anode  of  the  SEM 
electron  gun.     This  voltage  accelerates  the  electrons  emitted  from  the 
cathode  towards  the  specimen  surface.     Commercial  scanning  electron  mi- 
croscopes are  capable  of  a  wide  range  of  accelerating  voltages  from  1  to 
50  kV.     The  use  of  either  a  high  or  low  accelerating  voltage  is  advanta- 
geous for  different  types  of  specimens.     In  general,  the  higher  the  ac- 
celerating voltage,  the  smaller  the  diameter  of  the  primary  beam,  result- 
ing in  better  point-to-point  resolution.    However,  for  semiconductors, 
the  minimum  spot  size  obtained  by  using  a  higher  accelerating  voltage 
does  not  always  yield  the  optimum  micrograph. 

If  the  accelerating  voltage  is  reduced,  the  electron  beam  penetra- 
tion into  the  specimen  is  reduced.    This  may  result  in  improved  contrast 
due  to  both  an  increase  in  secondary  electron  emission  at  the  surface  of 
a  device  and  a  decrease  in  the  background  secondary  emission  generated 
by  backscattered  electrons  at  considerable  distances  from  the  beam  im- 
pact point.    The  increased  emission  improves  the  SNR,  thus  the  contrast. 

To  illustrate  the  effects  of  accelerating  voltage  on  secondary 
electron  emission,  six  different  accelerating  voltages  were  used  to  ob- 
tain SEM  images  of  the  same  semiconductor  device;  the  resulting  micro- 
graphs are  displayed  in  figure  6.     The  accelerating  voltages  chosen  rep- 
resent a  typical  range  available  on  most  commercial  scanning  electron 
microscopes:     2,  3,  5,  10,  20,  and  30  kV.     The  same  beam  current  was 
used  in  each  case.    The  chemical  and  topographical  contrast  deteriorates 
as  accelerating  voltage  is  increased.     There  is  also  a  progressive  in- 
crease in  the  noise,  as  indicated  by  the  grainy  appearance  of  the  micro- 
graphs made  with  higher  voltages.     The  image  with  the  most  noise  is  at 
30  kV  where  the  beam  penetration  is  at  a  maximum  so  that  fewer  secondary 
electrons  are  generated  within  an  escape  depth  of  the  surface.     It  can 
be  concluded  that  lower  accelerating  voltages  are  superior  to  higher  ac- 
celerating voltages  for  obtaining  better  contrast  and  less  noise  in  the 
imaging  of  this  semiconductor  device. 

Figure  7  demonstrates  the  superiority  of  lower  accelerating  volt- 
ages for  resolving  surface  detail  at  low  magnification.    Figure  7a  shows 
an  area  of  a  microcircuit  examined  using  a  primary  electron  beam  of  3 
kV.    Note  the  resolution  of  surface  structure  on  the  metallization. 
Figure  7b  shows  this  same  area  examined  using  a  30-kV  primary  electron 
beam,  and  it  is  obvious  that  most  of  the  surface  structure  is  obscured. 
The  loss  of  visible  surface  structure  is  the  result  of  excessive  pene- 
tration and  diminished  surface  electron  emission. 
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a.     Backscattered  electron  image  with  the  arrow 
showing  the  upturned  metal. 


b.     Secondary  electron  image  in  which  flat  illumination 
fails  to  reveal  metal  detail. 

Figure  5.     Micrograph  of  a  wire  bond  and  probe  mark  in  which  the  shadow 
effect  produced  by  the  backscattered  electron  image  reveals 
some  upturned  metal  not  seen  in  the  secondary  image. 
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a.     Micrograph  recorded  at  2  kV  xn  which  the  chemical 
and  topographical  contrast  is  outstanding. 


b.     Micrograph  recorded  at  3  kV  in  which  the  chemical 
and  topographical  contrast  is  still  very  good. 

Figure  6.     Series  of  micrographs  which  illustrates  the  change  in  con- 
trast as  the  accelerating  voltage  is  varied. 
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c.     Micrograph  recorded  at  5  kV. 


d.     Micrograph  recorded  at  10  kV  showing  decreased 
contrast . 
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e.     Micrograph  recorded  at  20  kV  showing  further 
decreased  contrast. 
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The  greater  beam  penetration  depth  at  a  high  accelerating  voltage 
can  be  advantageously  used  even  at  low  magnification  to  provide  subsur- 
face information.    Figure  8a  shows  the  surface  of  a  device  covered  with 
contamination  viewed  at  3  kV  while  figure  8b  shows  the  same  area  viewed 
at  20  kV.     The  original  contaminated  surface  is  not  seen  at  the  higher 
beam  energy  and  the  device  surface  itself  can  be  studied. 

The  advantage  of  using  high  accelerating  voltage  for  high  magnifi- 
cation applications  is  illustrated  in  figure  9  which  shows  micrographs 
of  the  intermetallic  region  between  a  compression  ball  bond  and  a  pad 
at  a  magnification  of  10,000x.    The  upper  micrograph  was  recorded  with 
an  accelerating  voltage  of  3  kV  and  the  lower  with  an  accelerating  volt- 
age of  10  kV.     The  lower  accelerating  voltage  produces  electrons  of  low- 
er velocity,  resulting  in  an  increased  width  of  the  primary  electron 
beam  and  poorer  point-to-point  resolution  in  the  image,  thus  the  fuzzi- 
ness  in  figure  9a.    The  higher  accelerating  voltage  used  for  figure  9b 
produces  a  much  sharper  primary  beam,  and  the  PPR  and  general  resolu- 
tion are  improved. 

4.  Beam  Current 

The  micrographs  illustrating  this  report  were  taken  using  a  tung- 
sten hairpin  filament  which  is  the  most  common  electron  source  used  in 
commercial  instruments.     The  use  of  a  brighter  source  would  permit  high- 
er beam  current  density,  thus  better  SNR  for  the  same  beam  diameter,  or, 
conversely,  would  yield  the  same  beam  current  and  SNR  using  a  finer 
probe.    Two  brighter  electron  sources  are  becoming  available  for  use  on 
an  SEM.     The  LaB5  gun^^  is  approximately  ten  times  brighter  than  the 
tungsten  filament.     This  source  usually  adds  somewhat  to  instrument  com- 
plexity.   A  field  emission  source  is  the  brightest  source  presently 
available.     It  is  about  1000  times  brighter  than  the  tungsten  filament 
but  requires  a  correspondingly  better  vacuum  for  operation.    At  the  pres- 
ent level  of  development,  it  has  stability  and  lifetime  problems. 

5.  Specimen  Tilt 

Semiconductor  devices  to  be  examined  in  an  SEM  specimen  chamber 
must  first  be  mechanically  and  electrically  secured  to  a  holder  designed 
to  be  mechanically  attached  to  the  SEM  stage.    The  ability  of  a  stage  to 
incline  the  specimen  surface  toward  the  electron  detector  by  means  of  an 
external  control  is  termed  specimen  tilt.     The  angle  of  inclination  (9) 
formed  by  specimen  tilting  is  defined  as  the  angle  between  the  plane 
normal  to  the  path  of  the  primary  electron  beam  and  the  specimen  surface, 
as  shown  in  figure  10.     The  primary  function  of  tilt  is  to  obtain  a  fa- 
vorable position  for  viewing  the  specimen.    Advantages  obtained  by  prop- 
er adjustment  of  specimen  tilt  include  increased  electron  emission,  im- 
proved contrast,  and  reduced  electrostatic  charging. 
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a.     With  a  beain  voltage  of  3  kV,  there  is  clearly  visible 
a  layer  of  contamination  on  the  device  surface. 


With  a  beam  voltage  of  20  kV,  details  of  the  device 
surface  under  the  contamination  become  visible. 


Figure  8.  A  portion  of  a  microcircuit  imaged  at  high  and  low  beam 
voltage  illustrating  an  application  of  the  greater  beam 
penetration  at  20  kV. 
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b. 


Figure  9.  Compression  ball  bond  intermetallic  formation  imaged  at  3  kV 
(a)  and  20  kV  (b)  illustrating  an  application  of  high  accel- 
erating voltages. 
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PRIMARY  BEAM 


Figure  10.     Diagram  illustrating  specimen  tilt  angle. 
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Improvement  in  both  secondary  and  backscattered  electron  emission 
occurs  because  the  primary  electron  beam  penetration  is  reduced  as  the 
tilt  angle  is  increased  from  0  to  90  deg.     For  specimens  at  a  high  tilt, 
more  of  the  primary  electron  penetration  volume  is  within  an  escape 
depth  of  the  surface,  thus  more  electrons  are  emitted.     Increasing  the 
number  of  emitted  electrons  improves  the  SNR,  ^which  in  turn  improves 
contrast.    Both  a  high  tilt  angle  and  a  low  accelerating  voltage  limit 
primary  beam  penetration. 

Another  reason  that  a  tilt  ang=le  of  45  deg  or  greater  improves  the 
SNR  and  contrast  is  that  the  SEM  goniometer  stage  is  designed  to  tilt 
the  specimen  surface  toward  the  E-T  detector  which  is  usually  optimized 
for  a  tilt  angle  of  45°.     Therefore,  tilting  causes  an  increase  in  the 
number  of  signal  electrons  that  can  reach  the  electron  detector. 

These  effects  are  demonstrated  in  figure  11.     These  micrographs 
were  made  with  an  accelerating  voltage  of  5  kV  and  a  constant  beam  cur- 
rent.    In  figure  11a  where  0  is  0  deg,  there  is  little  topographical  or 
chemical  contrast.     Figures  lib  and  11c  demonstrate  the  advantage  of 
tilt  in  revealing  the  character  of  the  topography  more  clearly.     In  the 
latter  micrograph,  a  distinct  improvement  in  SNR  and  topographical  con- 
trast can  be  noted  when  compared  to  figure  11a.    An  interesting  develop- 
ment in  chemical  contrast  is  seen  in  figure  lid.     Such  intense  contrast 
of  this  quality  can  only  be  attained  using  an  accelerating  voltage  less 
than  approximately  7  kV  with  a  tilt  angle  of  about  45  deg  or  greater. 
As  6  increases  to  60  deg,  enhancement  of  chemical  contrast  and  SNR  con- 
tinues as  shown  in  figure  lie.     Examination  at  high  angles  provides  an 
increased  capability  of  interpreting  the  quality  of  the  metallization, 
bonding,  and  oxide  steps  which  is  valuable  to  SEM  semiconductor  analy- 
sis.   This  is  especially  true  for  regions  of  the  device  where  tools 
have  been  used  to  trim,  bond,  and  cut  portions  of  the  device.  These 
are  areas  where  heavy  mechanical  damage  often  occurs. 

Another  very  useful  consequence  of  tilting  a  semiconductor  device 
can  be  seen  in  figure  12.    Figure  12a  shows  a  passivated  microcircuit 
examined  at  a  9  of  0  -deg  without  any  prior  preparation  to  prevent  charg- 
ing.    Charging  is  manifested  by  the  very  bright  regions  with  the  very 
dark  adjacent  areas  which  results  in  the  obscuring  of  detail  in  both. 
In  figure  12b  the  same  circuit  is  examined  at  a  6  of  60  deg.     The  high 
tilt  angle  has  increased  the  number  of  backscattered  and  secondary  elec- 
trons which  leave  the  surface,  thus  reducing  the  net  charge  in  the  in- 
sulating layer.    The  resolution  is  not  good  in  this  image,  but  it  demon- 
strates that  specimen  tilt  is  a  technique  which  can  be  used  to  reduce 
specimen  charging,  as  well  as  improve  contrast.    Further  discussion  on 
specimen  charging  will  be  found  in  Section  7. 

6 .     Scan  Line  and  Frame  Time 

In  an  SEM  the  same  sweep  or  scan  generator  is  used  to  synchronously 
deflect  both  the  primary  electron  beam  in  the  column  and  the  electron 
beam  in  the  cathode  ray  tube  (CRT)  used  for  imaging. 
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a.     Tilt  angle  is  0  deg. 


b.     Tilt  angle  is  20  deg. 

Figure  11.     Series  of  micrographs  which  illustrate  the  changes  in 
contrast  and  SNR  as  specimen  tilt  angle  is  increased 
from  0  to  60  deg. 
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c.    Tilt  angle  is  40  deg. 


d.     Tilt  angle  is  50  deg. 
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Tilt  angle  is  60  deg. 
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a.    With  a  tilt  angle  of  0  deg,  a  large  amount  of  charging  is  apparent 
due  to  trapping  of  primary  electrons  in  the  glass  layer. 


b.    With  a  tilt  angle  of  60  deg,  the  charging  has  been  greatly  reduced 
because  fewer  electrons  are  captured  in  the  glass. 

Figure  12.     The  effect  of  specimen  tilting  when  viewing  a  passivated 
microcircuit . 
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The  line  scan  time  is  the  amount  of  time  taken  for  a  single  line 
to  be  scanned  from  left  to  right  across  the  CRT  display  screen.  The 
frame  time  is  the  amount  of  time  taken  to  complete  a  compilation  of  sin- 
gle lines  sweeping  the  display  screen  from  top  to  bottom.    These  two  pa- 
rameters determine  the  number  of  lines ,  the  number  of  picture  points , 
and  the  beam  dwell  time  for  each  picture  point  in  the  SEM  image.  The 
amount  of  time  the  electron  beam  rests  on  a  point  of  the  specimen  sur- 
face determines  the  number  of  electrons  emitted  from  that  point.  There- 
fore for  a  given  beam  current  and  detector  gain,  it  is  the  number  of  pic- 
ture points  and  dwell  time  per  point  which  ultimately  determine  the  SNR. 
These  principles  apply  whether  the  scan  generator  is  a  digital  or  analog 
type.    The  range  of  scan  line  and  frame  times  on  commercial  SEM's  is 
large.    The  factor  to  be  considered  when  selecting  the  line  scan  and 
frame  time  for  SEM  photomicrography  is  the  selection  of  a  suitable  num- 
ber of  scan  lines  per  frame  so  that  none  are  visible  within  the  resolu- 
tion limits  of  the  eye.    Another  consideration  is  that  the  number  of 
scan  lines  used  should  not  be  so  high  that  the  scan  time  per  point  is 
reduced  causing  the  SNR  to  suffer  significantly.     In  addition,  the  frame 
time  should  be  short  enough  to  allow  the  economical  recording  of  micro- 
graphs . 

In  order  to  illustrate  the  proper  selection  of  line  scan  and  frame 
time  for  SEM  photomicrography,  micrographs  of  the  same  semiconductor  de- 
vice recorded  under  different  raster  time  conditions  are  compared.  The 
values  of  accelerating  voltage,  beam  current,  and  tilt  are  held  constant. 
If  too  few  scan  lines  are  used,  the  individual  lines  can  be  differenti- 
ated in  the  micrograph.     The  result  is  poor  PPR  caused  by  the  picture 
voids  between  the  lines.     This  effect  can  be  seen  with  about  500  scan 
lines  per  frame  or  less.     (Due  to  the  loss  of  resolution  in  printing, 
this  example  is  not  shown.)     In  order  to  fill  these  picture  voids  and 
improve  the  PPR,  an  image  of  the  device  was  recorded  using  a  frame  time 
of  10  s  and  scan  line  time  of  0.005  s.     The  resulting  micrograph,  shown 
in  figure  13a,  has  a  total  of  2000  lines;  as  a  result,  there  are  no  pic- 
ture line  voids.    However,  there  is  an  increase  in  noise  due  to  the  re- 
duced scan  time  per  point  producing  a  lower  SNR.     It  is  apparent  that 
for  a  frame  time  of  10  s,  neither  500  nor  2000  scan  lines  are  suitable 
for  photomicrography. 

Figure  13b  was  recorded  using  a  10  s  frame  and  a  0.01  s  line  scan 
time,  producing  a  total  of  1000  lines.     It  shows  an  improvement  in  PPR 
and  SNR.    However,  there  is  still  considerable  noise  in  the  image.  To 
decrease  this  noise,  the  line  scan  time  was  increased  to  0.1  s,  and  the 
frame  time  increased  to  100  s,  keeping  a  total  of  1000  scan  lines.  The 
result  shown  in  figure  13c  demonstrates  excellent  PPR,  SNR,  and  contrast. 
However,  the  economics  of  the  SEM  operation  might  dictate  that  micro- 
graphs be  made  in  less  than  100  s.     Figure  13d  shows  a  compromise  be- 
tween SEM  resolution  and  efficiency.     This  micrograph  was  recorded  with 
a  40  s  frame  time,  and  a  scan  line  time  of  0.04  s,  keeping  the  1000  scan 
line  total.     These  final  values  are  generally  very  effective  for  good 
micrograph  quality.     Of  course,  should  a  better  SNR  be  required,  one 
method  of  improvement  would  be  to  increase  the  frame  time. 
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a.     Scan  time  0.005  sec/line  and  2000  lines  per  frame.     There  is  in- 
creased noise  due  to  the  short  dwell  time  per  picture  point. 


b.     Scan  time  0.01  sec/line  and  1000  lines  per  frame.     The  image  shows 
better  PPR  and  SNR  as  compared  to  (a) . 

Figure  13.     Series  of  micrographs  illustrating  the  effects  of  variations 
in  scan  line  time,  frame  time,  and  the  number  of  lines  in 
the  micrograph. 


24 


c.     Scan  time  0.1  sec /line  and  1000  lines  per  frame.     Contrast,  PPR, 
and  SNR  are  excellent. 


d.     Scan  time  0.04  sec/line  and  1000  lines  per  frame.     This  represents 
a  compromise  giving  good  contrast,  PPR,  and  SNR  while  limiting  total 
exposure  to  40  seconds  for  efficient  use  of  time. 
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In  setting  up  the  SEM,  focusing  and  stigmator  adjustment  are  most 
conveniently  performed  using  a  frame  time  of  1  to  5  s.    An  expedient 
technique  is  to  reduce  the  display  screen  raster  size  to  3  by  3  cm  or  4 
by  4  cm  instead  of  the  standard  10  by  10  cm  to  eliminate  slow  scan 
flicker  and  aid  focus  and  stigmator  adjustment  by  providing  a  more  con- 
tinuous image. 

A  separate  monitor  which  scans  at  a  television  rate  is  a  versatile 
means  for  quick  examination  of  semiconductor  devices.    However,  the  500- 
line  picture  is  scanned  in  1/30  s  giving  a  very  short  scan  time  per  pic- 
ture point  and  reducing  the  SNR  greatly.     To  increase  the  SNR  for  ade- 
quate viewing,  it  is  necessary  to  increase  the  beam  current  and  conse- 
quently beam  size  which  in  turn  reduces  the  PPR.    The  resulting  picture 
is  useful  as  a  visual  display  for  rapid  search  and  for  the  study  of  dy- 
namic effects  but  seldom  is  suitable  for  good  photomicrographs. 

7 .     Artifacts  Introduced  by  the  Beam 

In  scanning  electron  microscopy,  three  of  the  most  common  arti- 
facts introduced  by  the  primary  electron  beam  are  electrostatic  charg- 
ing, vacuum  pump  oil  poljnnerization,  and  electron  beam  damage.  These 
artifacts  present  special  problems  for  examining  semiconductor  devices 
because  of  the  materials  used  in  their  construction  and  the  fact  that 
active  electronic  components  are  susceptible  to  radiation  damage. 

Electrostatic  charging  is  due  to  the  presence  of  a  negative  poten- 
tial on  an  insulating  portion  or  point  of  the  specimen  surface.  Charg- 
ing is  caused  by  the  collection  of  electrons  on  the  surface  of  the  in- 
sulator.    The  accumulation  of  electrons  builds  up  a  space  charge  which 
can  deflect  the  incident  beam,  causing  severe  image  distortion.  The 
presence  of  the  surface  charge  will  also  change  secondary  emission 
greatly.    A  charged  area  can  cause  the  darkening  of  the  image  of  a  near- 
by uncharged  region  by  deflecting  the  emitted  secondaries  away  from  the 
detector.    The  charging  effect  is  time  dependent  since  a  charged  region 
may  discharge  by  a  breakdown  to  ground  and  then  the  region  can  recharge. 

Portions  of  semiconductor  devices  charge  readily,  because  of  the 
insulating  materials  used  in  their  fabrication.     Glass,  alumina,  and 
silicon  dioxide  are  examples  of  insulating  materials  used  as  substrates, 
packages,  or  passivating  layers  in  semiconductor  fabrication.    These  ma- 
terials, along  with  nonconductive  contaminant  particles,  are  possible 
sites  for  charging. 

In  order  to  recognize  how  charging  manifests  itself,  some  examples 
are  given.    One  example  has  already  been  seen  in  figure  12a  in  the  dis- 
cussion of  tilt  angle.    Figure  14a  shows  glass  passivation  which  has  be- 
come charged  over  a  metallization  pattern.    A  single  nonconducting  par- 
ticle whose  image  has  become  extremely  bright  is  shown  in  figure  14b. 
As  a  result  of  the  high  negative  potential  at  its  surface,  the  secondary 
electron  emission  has  been  reduced  in  the  vicinity  of  the  particle. 
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A  glass  passivation  layer  which  has  become 
charged  by  the  electron  beam. 


It  is  not  necessary  for  an  area  of  the  specimen  to  be  in  the  field 
of  view  for  it  to  become  charged.     There  can  be  a  charge  build-up  where 
scattered  electrons  strike  a  surface.     Figure  15a  shows  a  device  which 
had  been  previously  viewed  with  an  accelerating  voltage  of  10  kV  at  a 
higher  magnification.    The  raster  area  during  that  exposure  is  shown  by 
the  darkened  region  near  the  top  of  the  device.     The  electrons  scattered 
from  this  area  formed  a  charge  build-up  on  the  ceramic  package  in  the 
area  that  appears  bright  (indicated  by  the  arrow) .     The  darkened  area 
around  this  bright  spot  indicates  the  suppression  of  secondary  electron 
emission  in  the  vicinity  of  the  charged  region.     The  effect  of  this  sup- 
pression can  be  seen  more  clearly  in  the  next  two  figures  which  show 
two  versions  of  the  high  magnification  view.     Figure  15b  is  a  micrograph 
made  before  the  charge  build-up  while  figure  15c  was  made  afterward. 
Charging  of  the  package  has  suppressed  a  wide  range  of  signal  electrons 
and  reduced  the  contrast  even  though  the  charged  area  is  not  located 
in  the  area  of  the  micrograph. 

Charging  is  often  seen  as  a  distortion  of  the  image  in  the  photomi- 
crograph.    Figure  16a  shows  the  characteristic  bright  areas  of  charging, 
but  in  addition  there  are  bright  lines  breaking  the  continuity  of  the 
image  at  the  top  and  center.    These  are  caused  by  unsynchronized  dis- 
charges of  the  charged  specimen  surface  during  scanning.    Figure  16b  is 
an  example  of  a  particularly  deceptive  charging  syroptom.    There  is  poor 
PPR  which  no  amount  of  manipulation  of  the  SEM  controls  could  signifi- 
cantly improve.     In  this  case,  there  is  a  charge  build-up  in  the  resid- 
ual glass  left  behind  by  poor  etching.    As  a  result,  the  primary  beam 
cross-section  is  distorted  from  its  normal  circular  shape  to  that  of  an 
ellipse  which  results  in  a  loss  of  PPR.     This  distortion  is  very  similar 
to  the  uncorrectable  instrumentation  astigmatism  caused  by  dirty  aper- 
tures in  the  electron  beam  column.    Figure  16c  shows  severe  image  dis- 
tortion of  a  metallization  window.     The  entire  raster  has  been  slowly 
deflected  by  the  charged  residual  glass  during  the  exposure  of  the  micro- 
graph.   This  effect  is  best  seen  in  the  long  blurred  streaks  in  the  up- 
per half  of  the  image. 

It  is  not  difficult  to  see  that  charging  can  render  SEM  images  use- 
less.   Reducing  the  electron  beam  current  will  reduce  but  not  eliminate 
charging.     Two  techniques  for  reducing  the  effects  of  charging  are  illus- 
trated in  figure  16d.    The  penetration  of  primary  electrons  into  an  in- 
sulating surface,  and  their  storage  on  and  beneath  the  surface  is  the 
cause  of  charging.     In  figure  16d,  a  microcircuit  similar  to  the  micro- 
circuit  in  figure  15  is  shown.    However,  the  high  magnification  raster 
at  the  top  of  the  die  in  figure  16d  was  irradiated  using  a  high  tilt 
angle  and  a  3-kV  accelerating  voltage  instead  of  10  kV  as  in  figure  15c. 
The  energy  of  the  backscattered  electrons  is  3  keV  which  is  too  low  for 
these  electrons  to  penetrate  and  charge  the  top  of  the  die  well,  unlike 
the  10-keV  backscattered  electrons  which  caused  the  charging  seen  in 
figure  15a.     In  the  section  on  specimen  tilt,  figure  12  demonstrates 
that  specimen  tilt  could  be  used  as  a  method  to  reduce  electron  penetra- 
tion, and,  therefore,  charging.     Using  low  accelerating  voltage  and 
specimen  tilt  is  the  most  expedient  means  of  preventing  charging.  It 
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a.     A  low  magnification  photo  of  a  microcircuit  which  has  just  been  ex 
amined  at  a  higher  magnification.     The  dark  area  of  the  circuit 
shows  the  area  scanned.     Backscattered  electrons  have  caused  charg 
ing  of  the  ceramic  package  which  has  caused  a  darkening.  (See 
arrows . ) 


b.    A  circuit  similar  to  that  shown  in  (a).     This  micrograph  was  made 
shortly  after  the  beam  was  turned  on  and  shows  adequate  contrast 
and  topographic  detail. 

Figure  15.    Micrographs  which  show  the  effects  of  charging  of  areas 
outside  the  field  of  view. 
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The  same  area  as  shown  in  (b)  after  a  long  exposure  to  the  electron 
beam.     There  is  a  reduction  in  the  number  of  secondary  electrons 
detected  which  results  in  a  reduction  in  contrast.     This  is  due  to 
charging  which  is  occurring  outside  the  field  of  view. 
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A  sample  showing  typical  bright  areas  of  charging  and  horizontal 
streaks  caused  by  unsynchronized  discharges. 


Poor  PPR  which  cannot  be  corrected  by  any  adjustment  of  time  SEM 
controls . 

Figure  16.     Additional  examples  of  the  effects  of  charging. 
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Severe  image  distortion  caused  by  charging  of  residual  glass  not 
removed  by  the  etching  procedure. 


can  be  seen  in  figure  16d  that  another  by-product  of  these  techniques 
is  better  contrast.     The  contrast  in  the  dark  square  area  in  figure  16d 
is  rich  in  comparison  to  that  in  figure  15a. 

Figure  17a  shows  a  secondary  electron  image  of  a  device  with  a 
charged  passivation  layer.    Figure  17b  shows  a  backscattered  electron 
image  of  the  same  area.    The  characteristic  dark  areas  adjacent  to  re- 
gions of  charging  is  a  result  of  the  distortion  in  the  paths  of  second- 
ary electrons  while  higher  energy  backscattered  electrons  are  not  af- 
fected.   Therefore,  using  backscattered  electrons  will  eliminate  con- 
trast distortion  due  to  charging.    A  treatment  of  electron  beam  inter- 
actions with  metals  and  insulators  and  effects  of  specimen  tilt  and  ac- 
celerating voltage  has  been  given  by  Oatley.^^ 

One  technique  commonly  used  to  prevent  specimen  charging,  applying 
a  conductive  coating  over  the  sample,  has  not  been  covered.     Because  of 
the  nature  of  semiconductor  devices,  such  a  coating  should  be  a  last  re- 
sort and  undertaken  only  after  careful  consideration  of  all  phases  of 
the  examination  to  which  the  device  will  be  subjected.    Once  coated,  a 
device  can  no  longer  be  operated  nor  will  use  of  voltage  contrast  and 
EBIC  modes  of  SEM  examination  be  possible.     X-ray  analysis  can  become 
more  difficult  after  application  of  any  coating  but  carbon.     See  Appen- 
dix II  for  further  discussion  of  specimen  preparation. 

Scanning  a  semiconductor  surface  at  high  magnification  can  cross- 
polymerize  hydrocarbon  monolayers  deposited  by  an  oil-pumped  vacuum  sys- 
tem.   This  effect  appears  as  a  very  dark  square  area  as  in  figure  18. 
Such  contamination  is  an  unwanted  artifact,  and  can  be  avoided  by  not 
making  prolonged  high  magnification  scans  on  a  localized  area.    All  fo- 
cusing should  be  done  outside,  but  adjacent  to,  the  surface  area  to  be 
photomicrographed .    Alternatively,  the  hydrocarbon  diffusion  pump  oil 
can  be  replaced  with  an  oil  that  will  not  be  polymerized  by  the  primary 
beam.    A  good  alternative  is  found  in  perf luorinated  polyether  oil. 
This  oil  fractures  into  molecules  of  low  molecular  weight  which  are 
swept  away  by  the  vacuum  system.    Another  method  is  to  employ  a  cold 
finger  or  trap  to  help  reduce  specimen  contamination  by  capturing  the 
oil  contaminates  on  a  cold  surface.    Pump  oil  contamination  is  not  a 
problem  with  an  SEM  equipped  with  a  dry-pumped  vacuum  system. 

The  SEM  primary  electron  beam  damages  the  semiconductor  device. 
Electron  beam  penetration  into  the  device  results  in  ionization  pro- 
cesses which  change  the  surface  oxide  properties,  and  thus  degrade  the 
electrical  parameters.     Digital  bipolar  devices  are  very  resistant  to 
damage  due  to  electron  beam  irradiation.     Linear  bipolar  devices  are 
susceptible  to  parameter  changes  during  SEM  examination;  however,  it  is 
unlikely  that  it  would  cause  them  to  cease  functioning.    MOS  devices 
are  readily  damaged  by  exposure  to  an  electron  beam.     Even  a  very  short 
exposure  can  make  them  inoperative.  ^ ' 

For  devices  for  which  optimum  electrical  performance  is  required 
after  examination,  the  only  way  to  eliminate  electron  beam  damage  is  to 
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Secondary  electron  image  of  circuit  with  charged  glass  passivation. 


Backscattered  electron  image  of  the  area  shown  in  (a) .     The  high 
energy  reflected  electrons  are  not  substantially  perturbed  by  any 
charge  in  the  glass. 

ure  17.     The  use  of  backscattered  electrons  rather  than  secondaries 
to  form  the  image  to  eliminate  charging  effects. 
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igure  18.     Contamination  due  to  the  polymerization 
of  pump  oil. 
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not  examine  the  device  with  an  SEM.    However,  if  an  SEM  examination 
must  be  performed,  an  accelerating  voltage  as  low  as  possible  consider- 
ing the  resolution  which  is  required  should  be  used.    Also,  the  lowest 
practical  beam  current  should  be  used  and  the  specimen  should  be  irra- 
diated only  as  long  as  absolutely  necessary.    Appropriate  alignment  tech- 
niques are  required  so  that  time  is  not  lost  searching  for  the  area  of 
interest.     If  the  examination  does  not  include  voltage  contrast  or  EBIC 
modes,  a  bias  should  not  be  applied  to  the  device  junctions.     It  should 
be  noted  in  subsequent  use  of  the  device  that  the  electron  beam. could 
have  made  some  irreversible  changes  in  the  device. 

8 ,  Conclusion 

SEM  operation  procedures  must  not  become  stereotyped  for  all  semi- 
conductor device  applications  if  optimum  images  are  to  be  obtained. 
This  report  demonstrates  the  need  for  flexibility  in  selecting  and  using 
SEM  parameters  and  analytic  procedures  to  yield  the  maximum  information 
from  semiconductor  devices.     Table  1  summarizes  the  results  of  varying 
significant  SEM  operating  parameters. 

The  primary  consideration  in  topographical  analysis  of  semiconduc-- 
tor  devices  in  the  SEM  is  the  reduction  of  primary  electron  beam  pene- 
tration.   The  methods  described  for  accomplishing  this  are  low  acceler- 
ating voltage  and  high  specimen  tilt.     These  techniques  result  in  im- 
proved SNR  and  contrast,  less  charging,  and,  in  general,  good  resolution. 
Although  increasing  the  electron  beam  current  is  effective  in  improving 
SNR,  low  accelerating  voltage  is  superior.    Both  techniques  reduce  PPR, 
but  high  beam  current  does  not  provide  the  striking  contrast  which  low 
voltage  does.    Also,  high  beam  currents  may  result  in  specimen  charging, 
increased  hydrocarbon  cross-poljmierization,  and  radiation  damage.  High 
accelerating  voltage  is  to  be  used  both  where  maximum  PPR  must  be  ob- 
tained and  to  yield  subsurface  information  such  as  beneath  contamination 
or  glassivation  layers.     These  techniques  were  discussed  chiefly  in 
terms  of  secondary  electron  emission.    However,  suggestions  were  given 
for  using  the  backscattered  electron  signal  to  prevent  image  distortion 
due  to  charging  and  to  gain  detail  in  topography,  for  using  voltage  con- 
trast for  detecting  specimen  voltages,  and  for  using  EBIC  to  delineate 
pn  junctions. 

The  principles  established  for  selecting  a  line  and  frame  rate 
should  be  applied  no  matter  what  set  of  signals  is  used.    A  40  s  frame 
rate  and  a  0.04  s  line  rate  (1000  scan  lines)  are  frequently  applicable. 
In  any  case,  specimen  coating  is  to  be  considered  as  a  last  resort  to 
improve  SNR  or  reduce  charging. 
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Appendix  I 


Voltage  Contrast 

A  voltage  contrast  image  is  obtained  in  the  normal  secondary  elec- 
tron mode  where  a  potential  difference  is  applied  on  the  specimen  sur- 
face.    This  is  due  to  the  fact  that  a  secondary  electron  image  is  formed 
by  the  collection  of  low  energy  electrons  (<_  50  eV) .     Surface  potentials 
and  electric  field  gradients  near  the  specimen  surface  easily  affect  the 
trajectories  of  these  low  energy  electrons  and  modify  their  detection. 
Fewer  electrons  are  collected  from  areas  of  positive  potential  and  more 
electrons  are  collected  from  areas  of  negative  potential.     In  the  sec- 
ondary electron  image,  positive  areas  appear  dark  and  negative  areas  ap- 
pear bright.    This  voltage  contrast  effect  can  be  easily  observed  for 
potential  differences  greater  than  0.5  V. 

Shown  in  figure  19  is  a  voltage  contrast  image  of  a  section  of  a 
quad  two-input  NAND  gate  with  +5  V  applied  to  both  inputs  (marked  A  and 
B)  to  force  the  output  (marked  Y)  low.     The  voltage  contrast  technique 
is  useful  for  detecting  potential  differences  such  as  at  discontinuities 
in  metallization,  gradients  across  resistor  stripes,  or  at  p-n  junctions. 
It  is  a  valuable  tool  for  semiconductor  analysis. 

To  examine  a  device  in  the  voltage  contrast  mode,  it  is  necessary 
to  be  careful  about  charging  since  charging  adds  a  stray  electric  field 
that  also  influences  the  paths  of  the  secondary  electrons.     It  is  diffi- 
cult to  obtain  good  voltage  contrast  from  devices  mounted  in  recessed 
ceramic  packages.     Glassivation  should  be  removed,  and  stray  nonconduct- 
ing particles  should  be  blown  off  the  surface.    An  accelerating  voltage 
between  2  and  10  kV  is  recommended  and  the  specimen  should  be  tilted  to- 
ward the  secondary  electron  detector.    Further  details  on  the  detection 
of  voltage  contrast  will  be  found  in  references  by  Holt,  et  at. and 
Wells. 1^ 

Voltage  contrast  has  been  used  dynamically  to  check  the  operation 
of  semiconductor  devices.     This  is  usually  done  using  stroboscopic  tech- 
niques and  TV  scan  rates.  ^^"-^^ 

Electron-Beam- Induced  Current 

Electron-beam-induced  current  (EBIC)  in  semiconductor  devices  pro- 
duced by  the  electron  beam  of  an  SEM  can  be  used  to  image  subsurface  de- 
vice features  and  to  measure  certain  material  parameters.    The  energy 
deposited  by  the  SEM  electron  beam  can  be  considered  primarily  as  a 
mechanism  for  electron-hole  pair  production  in  the  device  materials. 
For  a  simple  pn  junction,  the  pairs  created  in  the  junction  depletion 
region  are  immediately  separated  by  the  built-in  electric  field  and  can 
be  detected  in  an  external  circuit.     Electron-hole  pairs  created  in  ei- 
ther the  n-  or  p-type  regions  which  diffuse  to  the  junction  will  also  be 
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ure  19.    A  secondary  electron  image  of  a  biased 
microcircuit  showing  voltage  contrast. 
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separated  and  collected.     EBIC  can  be  used  for  SEM  imaging  by  modulating 
the  intensity  of  a  synchronously  scanned  cathode-ray  tube. 

EBIC  has  been  used  to  delineate  junctions,  locate  inversion  layers, 
measure  diffusion  lengths  and  carrier  lifetimes,  detect  crystal  imper- 
fections, and  measure  surface  recombination. ' ^ ^ 

Photomicrographs  of  an  interdigitated  npn  transistor  are  shown  in 
figure  20.     Figure  20a  is  a  routine  emissive  micrograph  of  the  transis- 
tor.   Figure  20b  is  an  EBIC  image  when  the  emitter  is  the  input  and  the 
base  and  collector  are  grounded.     The  accelerating  voltage  was  30  kV 
with  a  beam  current  of  350  pA  for  both  photographs. 

For  an  integrated  circuit,  EBIC  imaging  can  result  in  a  very  com- 
plex display. However,  EBIC  analysis  has  been  successfully  applied  to 
integrated  circuits  in  a  comparative  mode.     This  has  been  used  primarily 
as  a  technique  for  failure  analysis.     In  circuits  of  a  repetitive  nature 
such  as  multiple  gate  devices,  multiple  bit  shift  register,  flip-flops, 
or  any  circuit  where  a  circuit  function  is  duplicated,  it  is  often  possi- 
ble to  compare  "good"  and  "bad"  regions  on  the  same  chip.    Where  a  dupli- 
cation of  function  on  a  single  chip  is  not  available,  the  EBIC  display 
from  a  defective  circuit  can  be  compared  with  a  good  circuit.  Obviously, 
the  SEM  operating  conditions  must  be  held  constant  from  specimen  to  spec- 
imen for  meaningful  comparisons. 

As  an  example  of  the  comparative  technique,  a  defective  low-power 
four -bit  shift  register  was  compared  with  a  functional  device.    The  de- 
fective device  failed  to  shift  the  input  data.    The  images  were  obtained 
by  taking  the  induced  current  signal  from  the  substrate  with  the  power 
input  lead  grounded  and  all  other  leads  floating.     The  accelerating  po- 
tential was  20  keV  and  the  beam  current  was  approximately  1  nA.  Figure 
21a  is  the  EBIC  image  of  a  portion  of  the  defective  device.    For  compari- 
son, the  same  region  of  a  functioning  device  is  shown  in  figure  21b. 
The  region  of  difference  is  indicated  by  the  arrows.     In  the  image  of 
the  good  device,  a  junction  associated  with  the  parallel  enable  input  is 
visible,  but  it  is  not  seen  in  the  defective  device.    Further  examina- 
tion of  this  area  using  other  failure  analysis  techniques  confirmed  that 
this  junction  was  the  source  of  malfunction.     In  this  instance,  EBIC 
analysis  did  not  identify  the  exact  cause  of  failure,  but  it  rapidly 
identified  a  small  area  for  further  investigation. 

When  performing  an  EBIC  examination,  due  to  the  low  signal  levels 
involved,  shielded  coaxial  cables  must  be  used  for  all  interconnections 
and  a  low-noise,  high-gain  video  amplifier  is  required.     The  amplifier 
gain  is  adjusted  to  obtain  the  desired  contrast.     The  beam  accelerating 
voltage  is  adjusted  to  control  the  beam  penetration  to  allow  signal  col- 
lection from  the  desired  depth.     A  higher  than  normal  beam  current  might 
be  necessary  to  provide  the  sufficient  induced  current.    The  specimen  is 
usually  not  tilted  and  charging  is  usually  not  a  problem. 
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a.     Secondary  electron  image. 


b.     EBIC  image  of  the  emitter  with  the  base  and  collector  grounded. 

Figure  20.    Micrographs  of  an  interdigitated  npn  transistor  made  with  a 
beam  current  of  350  pA  and  a  beam  voltage  of  30  kV. 
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a.    Defective  shift  register. 
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Appendix  II 


Semiconductor  Specimen  Preparation 

One  of  the  primary  advantages  of  scanning  electron  microscopy  over 
optical  and  transmission  electron  microscopy  is  the  minimum  amount  of 
specimen  preparation  necessary.     However,  some  preparation  is  required 
and  if  the  study  is  a  failure  analysis,  the  microscopist  must  take  care 
that  the  preparations  do  not  obscure  the  cause  of  failure  being  studied. 
An  examination  with  an  optical  microscope  should  be  made  of  a  semiconduc 
tor  device  immediately  after  delidding  the  package.     The  analyst  should 
observe  any  contamination  that  may  be  present  and  which  appears  to  be 
the  result  of  device  failure  or  poor  fabrication.     If  any  solder  balls, 
fragments  of  broken  passivation,  or  smeared  metallization  are  noted,  the 
sample  surface  should  not  be  disturbed  or  valuable  information  could  be 
lost.     Photo  documentation  of  the  optical  examination  is  desirable. 

If  the  optical  examination  did  not  reveal  any  obvious  device  prob- 
lems, the  glass  passivation  layer  should  be  removed  from  the  semiconduc- 
tor surface.     Typically,  the  glass  is  removed  by  a  wet  acid  or  gas  plas- 
ma etch.     This  is  necessary  because  the  glass  does  not  repliccite  the  un- 
derlying metallization  stripes  or  oxide  steps.     Inadequate  removal  of 
the  glass  will  leave  a  residue  of  glass  on  the  metallization  which  would 
make  topographical  interpretation  difficult.     The  residue  also  charges, 
which  will  normally  manifest  itself  in  an  inability  to  focus  as  illus- 
trated in  figure  16c.     The  specimen  should  be  firmly  fixed  to  the  speci- 
men holder  using  an  electrically  conductive  adhesive  or  its  equivalent 
and  the  holder  should  be  firmly  mounted  in  the  stage  and  make  electrical 
contact  to  it. 

Coating  the  specimen  with  a  thin  (5-  to  20-nm  thick)  layer  of  car- 
bon or  metal  may  be  used  to  enhance  secondary  emission  and  reduce  charg- 
ing.   However,  this  deposited  coating  has  potential  drawbacks:     its  ap- 
plication is  time  consuming,  there  is  die  surface  detail  which  is  cov- 
ered by  the  thin  film  coating,  and  the  device  is  rendered  inoperable. 
Despite  these  drawbacks,  specimen  coating  is  the  method  of  suppressing 
charging  and  increasing  the  electrical  emissivity  of  a  specimen  most  of- 
ten utilized.        When  applied  with  the  specimen  surface  parallel  to  the 
rays  of  evaporating  coating  material,  subtle  changes  in  surface  topog- 
raphy can  be  accentuated  by  shadowing. 

In  order  to  reduce  the  amount  of  data  which  is  obscured  by  specimen 
coating,  certain  guidelines  should  be  observed.     The  selection  of  the 
evaporant  material  is  the  first  consideration.     Criteria  for  selection 
of  a  material  include:     electron  emissivity,  replication  ability,  oxida- 
tion rate,  and  melting  point.     Gold  has  excellent  electron  emissivity, 
but,  at  high  magnifications,  has  an  agglomerate  appearance.     Silver  has 
the  best  replicating  ability,  but,  in  a  few  days,  it  tarnishes  and  the 
specimen  cannot  be  viewed.     Gold -palladium  alloy  is  a  compromise  between 
high  electron  emissivity  and  replicating  ability,  but  the  heat  from  its 
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high  melting  point  may  alter  the  die  surface.    Aluminum  is  a  good  alter- 
native, having  good  replicating  ability,  a  low  melting  point,  and  ade- 
quate electron  emissivity.    On  a  very  irregular  specimen  surface,  carbon 
is  often  used  on  a  first  layer  to  establish  surface  conductivity  because 
its  atoms  deflect  from  surrounding  surfaces  and  reapproach  the  semicon- 
ductor surface  from  many  different  angles.    A  second,  very  thin  film  of 
a  noble  metal  is  then  applied  to  improve  electron  emissivity.    For  x-ray 
microanalysis,  carbon  can  be  used  exclusively  to  establish  conduction, 
while  avoiding  extraneous  x-ray  information. 

The  film  should  be  the  thinnest  possible  coating  that  will  suppress 
charging.     The  best  procedure  is  to  deposit  a  very  thin  film  of  a  noble 
metal  (<10  nm  thick)  and  then  view  the  specimen  in  the  SEM  to  see  if  the 
charging  has  been  suppressed.    This  procedure  can  be  repeated  as  often 
as  necessary  to  satisfactorily  suppress  charging.    Although  very  time 
consuming,  this  procedure  will  limit  the  amount  of  die  surface  data  lost. 

An  evaporated  thin  film  will  not  be  uniform  on  a  semiconductor  die 
surface  because  of  the  irregular  metallization  and  oxide  steps.    A  gim- 
bal  mechanism  may  be  used  to  spin  the  specimen  through  a  complex  move- 
ment exposing  each  die  surface  step  for  an  equal  amount  of  time  to  multi- 
ple evaporate  sources,  but  it  is  still  doubtful  that  the  thin  film  will 
be  truly  uniform.     There  are  two  reasons  for  this.    First,  there  are 
variations  in  the  specimen  source  distance  while  spinning  and  the  thick- 
ness of  an  evaporated  thin  film  depends  on  the  inverse  square  law.  Also, 
there  are  changes  during  evaporation  in  the  nominal  angle  of  deposition. 

To  prevent  the  evaporant  source  heat  from  altering  die  surface  top- 
ography during  evaporation,  three  precautions  should  be  taken.     (1)  The 
specimen  should  be  kept  at  least  3  to  4  cm  from  the  evaporant  source(s). 
(2)  A  pre-evaporation  shield  should  be  kept  between  the  evaporant  source 
and  specimen  until  the  coating  material  has  begun  to  evaporate.     (3)  A 
coating  material  with  a  low  melting  point,  such  as  aluminum,  should  be 
used. 

An  alternative  to  vacuum  evaporation  as  a  specimen  coating  tech- 
nique is  sputter  coating.     In  the  evaporation  technique,  the  coating 
material  is  heated  to  a  sufficiently  high  temperature  so  that  it  evapo- 
rates, depositing  a  thin  film  on  the  die  surface.     In  the  sputter  coat- 
ing technique,  atoms  from  the  coating  material  are  ejected  when  bom- 
barded by  relatively  high  energy  particles.     Some  of  the  ejected  atoms 
will  land  on  the  die  surface  to  be  coated.     The  particles  must  be  of 
sufficiently  high  energy  in  order  to  overcome  the  binding  energy  of  the 
atoms  at  the  surface  of  the  target.     The  fast  heavy  particles  used  to 
erode  the  target  are  usually  derived  from  an  ionized  inert  gas,  and  are 
produced  by  three  main  processes:     ion-beam  sputtering,  radio-frequency 
sputtering,  and  direct  current  sputtering. 

The  main  advantage  of  sputter  coating  is  that  a  continuous  thin 
film  is  deposited  even  on  parts  of  the  die  surface  which  are  complex, 
and  those  surfaces  which  are  not  directly  facing  the  rays  of  sputtered 
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atoms.     This  occurs  due  to  the  fact  that,  under  the  high  pressures  used, 
the  coating  material  atoms  experience  many  collisions  and  approach  the 
die  surface  from  all  directions.     This  effect  is  achieved  without  using 
a  gimbal  movement.     Therefore,  the  sputter  coating  techniqtie  has  good 
surface  replication  ability,  and  there  is  a  reduced  chance  of  surface 
damage  by  heating.     Noble  metals  should  be  used  because  of  their  emis- 
sivity.    Aluminum  is  not  adaptable  to  this  technique  because  its  surface 
oxide  prevents  sputtering. 

The  techniques  advised  for  specimen  coating  should  be  rigorously 
followed.     Thin  film  evaporations  which  are  performed  improperly  will 
ruin  the  possibility  for  SEM  examination.     Figure  22  pictures  a  microcir- 
cuit  window  which  has  been  buried  under  large  globs  of  aluminum  from  a 
poor  evaporation  process.     This  specimen  is  a  total  loss  for  examination 
purposes  because  of  the  excessive  artifacts  introduced. 
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Figure  22.     A  microcircuit  window  covered  by  globs 
of  metal  introduced  by  poor  evaporation 
techniques . 
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